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Abstract

The Earth Resources 2 (ER-2) has been an invaluable resource for the National
Aeronautics and Space Administration (NASA) since its purchase in 1981. The ER-2 is
a high-altitude aircraft, with the capability to fly upwards of 21 km. It has a rich history of
supporting NASA field campaigns, enabling scientists to study earth and atmospheric
science phenomena such as convective processes, lightning, multi-scale precipitation
regimes, and frontal systems. The instrument payload has continued to evolve over the
ER-2’s lifespan as technologies have advanced. The improvements to instruments in
the payload include updated sampling methods, advances in hardware and software
technologies, and improved resolutions. As examples, consider the ER-2 X-band
Doppler Radar (EXRAD), the Advanced Microwave Precipitation Radiometer (AMPR),
the Next Generation Airborne Visible/Infrared Imaging Spectrometer (AVIRISng), and
the Enhanced MODIS Airborne Simulator (eMAS). This project demonstrates the
improved utility these modern instruments provide through data resampling, performing
geophysical retrievals, and comparative discussion with the sensors’ legacy
counterparts. These benefits include the ability to study earth and atmospheric
phenomena in greater detail through advancements such as the ability to perform
retrievals, finer spatial resolution, and improved spectral resolution.
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1. Introduction

Every year, the National Aeronautics and Space Administration (NASA) Earth
Science branch funds and participates in multiple research projects, also known as field
campaigns. These field campaigns have been occurring for decades. The campaigns
have been based out of places all over the United States and also internationally,
allowing for a broad range of geography and phenomena to be studied. The campaigns
focus on different aspects of earth and atmospheric science (Houze et al., 2017, Padula
et al., 2017, Redemann et al., 2021, Barros, 2014). Often, multiple kinds of platforms
are utilized for carrying the instruments used during these campaigns. Examples of
some of the platforms would be ground stations, ships, and aircraft.
Aircraft are incredibly useful to researchers because of the large variety of
instruments that can be incorporated into the payload. This capability provides
researchers the ability to study multiple kinds of phenomena during a single flight,
making research efficient and productive. One particularly noteworthy aircraft is NASA’s
Earth Resources 2 (ER-2) aircraft. The ER-2 has been flying in NASA field campaigns
for nearly four decades. This research aircraft has carried a diverse suite of instruments
over its lifetime, including some specifically designed for the ER-2 (Ellis et al., 2011).
The ER-2 is a high-altitude research aircraft that can fly upwards of 70,000 ft [21 km]
(Navarro, 2007). Because the ER-2 can fly at such altitudes, the instruments in its
payload can take measurements in hard to access places, such as above
thunderstorms (Spencer et. al, 1994). It can also serve as a bridge between ground
measurements and satellite observations. This makes the ER-2 a valuable resource for
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researchers, as instruments aboard this aircraft will have the entire troposphere and
part of the stratosphere to sample from.
The ER-2’s payloads have evolved throughout the aircraft’s time with NASA. As
technologies have advanced over the decades, instruments flown aboard the ER-2
have been upgraded with newer counterparts or replaced with completely new sensors.
These newer instruments have many differences from the legacy counterparts, such as
hardware and engineering technologies, improved spatial and temporal resolutions, and
sampling methods. These improvements have enabled scientists to gain a better
understanding of the Earth and its atmosphere.
The goal of this project is to demonstrate the improved scientific capabilities that
are possible with the ER-2‘s modern payload. The focus instruments are the Advanced
Microwave Precipitation Radiometer (AMPR), the Next Generation Airborne
Visible/Infrared Imaging Spectrometer (AVIRISng), the ER-2 X-band Doppler Radar
(EXRAD), and the Enhanced MODIS Airborne Simulator (eMAS). These instruments
have already been used in numerous campaigns. The campaigns presented in this
paper are the Olympic Mountains Ground Validations Experiment (OLYMPEX), the
GOES-R Post Launch Test (GOES-R PLT), the Integrated Precipitation and Hydrology
Experiment (IPHEx), and the ObseRvations of Aerosols above CLouds and their
intEractionS (ORACLES).
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2. Background

The ER-2 has been a workhorse for NASA’s research efforts since it first began
flying in the 1980s. It has always carried a versatile payload that has only continued to
evolve as technology has improved. This section provides brief descriptions of the
ER-2’s history and its current activities. This section also gives an overview for the
legacy counterparts of the instruments used in this project.

2.1 Brief Overview and Recent Activities of the ER-2
The ER-2 is an aircraft with a maximum altitude of 70,000 ft [21 km]. It is
operated by a single pilot who can operate the instruments through a control panel with
on/off switches (NASA, 2002). A typical science flight for the ER-2 is between 6.5-8
hours. The ER-2 is maintained and operated out of NASA’s Armstrong Flight Research
Center (AFRC), formerly known as Dryden Flight Research Center (DFRC), at Edwards
Air Force Base in Edwards, California. The ER-2 can also be operated from other NASA
bases, such as Wallops Flight Facility (WFF) at Goddard Space Flight Center (GSFC)
and Johnson Space Center. The ER-2 may also operate out of other domestic bases,
as well as some foreign bases (Navarro, 2007).
The ER-2 has the capability to carry up to one ton of instruments. There are five
compartments that can house instruments. One in the nose, one in each wing, a
fuselage centerline pod, and the main equipment bay. The weight capabilities of each
pod are listed in Table 1. An annotated illustration of the ER-2 and its compartments is
shown in Figure 1.
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Nose compartment

295kg (650lbs)

Equipment bay (Q-bay)

454 kg (1000lbs)

Wing superpods

295kg (650lbs)

Fuselage centerline pod

159kg (350lbs)

Table 1
Information from Navarro, 2007

NASA currently owns two ER-2 aircraft. Both were active during 2018 and 2019.
During the summer of 2019, the ER-2 flew for the Fire Influence on Regional to global
Environments eXperiment– Air Quality (FIREX-AQ). This campaign studied aerosols
from fires in the Midwest. The ER-2 participated in the first phase of this campaign,
which took place in and around Boise, Idaho (Airborne Science Program, 2019b). In
2018, the ER-2 participated in the Observations of Aerosols Above CLouds and their
InteractionS (ORACLES) campaign. The deployment in November was the last
deployment for this campaign (Airborne Science Program, 2019a). Both ER-2 aircraft
underwent some maintenance during 2019. ER-2 N806NA had some structural
upgrades. ER-2 N809NA received the Cabin Altitude Reduction Effort (CARE) and was
flying again July 2019. This upgrade makes the aircraft safer for the pilot, especially
during longer flights, by lowering the chance of decompression sickness (Airborne
Science Program, 2019b). Recently, the ER-2 has not been operating because of
COVID-19. During the summer of 2020, the ER-2 N809NA underwent some
maintenance, and the ER-2 N806NA underwent CARE modifications (NASA, 2020a).
The campaigns it was scheduled to participate in during 2020 were postponed. In early
2021, the ER-2 N806NA was still undergoing maintenance, while the ER-2 N809NA

8

was participating in the Investigation of Microphysics and Precipitation for Atlantic
Coast-Threatening Snowstorms (IMPACTS) field campaign.

Figure 1: Illustration of the ER-2 and its instrument bays
Image from Navarro, 2007

2.2 History of the ER-2
Prior to the ER-2, NASA owned and operated a Lockheed U-2 aircraft (NASA,
2007).The ER-2 was designed by Lockheed Martin Corporation for NASA at DFRC. The
ER-2’s design was heavily based on that of the U-2 used by the United State Air Force
(USAF). However, there were some key differences. The ER-2 is thirty percent larger
than the U-2, and it has a different paint design. There are no classified electronics in
this aircraft, as well as no defensive systems. The ER-2 also has drastically different
electrical wiring in order to accommodate the payloads that the aircraft carries (Navarro,
2007). The first ER-2 (tail number: N606NA) was purchased by NASA in 1981. The
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second one (tail number: N809NA) was purchased in 1989 (Navarro, 2007). From the
time of their purchase and up until 1997, the ER-2 was operated out of NASA’s Ames
Research Center (NASA, 2007).

2.3 Legacy Sensors in the ER-2’s Payload
Since being designed and brought into active use, the payload of the ER-2 has
evolved. Some of the instruments that are currently flying aboard this aircraft have older
counterparts that the designs of which were either upgrades of or heavily inspired by.
This paper will focus on four modern sensors: the ER-2 X-band Doppler Radar
(EXRAD), Next Generation Airborne Visible/Infrared Imaging Spectrometer (AVIRISng),
the Enhanced MODIS Airborne Simulator (eMAS), and the Advanced Microwave
Precipitation Radiometer (AMPR). Three legacy sensors were replaced by these newer
sensors. They are the ER-2 Doppler Radar (EDOP), the Airborne Visible/Infrared
Imaging Spectrometer (AVIRIS), and the MODIS Airborne Simulator (MAS). AMPR is
still in operation, but it has been upgraded since its initial development. A summary of
the legacy sensor specifications is given in Table 2.
EDOP flew in the nose bay of the ER-2. It was a non-scanning radar with two
fixed radar beams, one at nadir, and the other fixed at 33.5° forward of nadir
(Heymsfield et al., 1996, Bidwell et al., 1996). EDOP was a useful instrument that
allowed scientists to take radar images of thunderstorms from above. The Doppler
capabilities of EDOP were also useful by allowing scientists to study storm structure and
precipitation. Because the instrument was airborne and flying at around 70,000 ft [21
km], the data collected from it had relatively high vertical resolution when compared to
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ground radars. A gate spacing of 75 m was typical with this instrument (Heymsfield et
al., 1996).
AVIRIS, sometimes referred to as AVIRIS Classic (AVIRISc), was developed at
the Jet Propulsion Laboratory (JPL) in California. It originally flew on the U-2 aircraft as
a NASA facility instrument (Macenka and Chrisp, 1987). This instrument had 224
spectral bands ranging from 0.4 μm-2.45 μm. Its instantaneous ground view was 20 m2
(Porter and Enmark, 1987). AVIRISc was a whiskbroom scanner, meaning it used a
moving mirror that reflected light on a detector (Macenka and Chrisp, 1987). It operated
in a scan flyback mode, which means it only scanned in one direction across a swath. It
scanned at a rate of 12 scans/s (Porter and Enmark, 1987). A schematic of the AVIRIS
scanner is shown in Figure 2.

Figure 2: AVIRIS scanner
Figure from Miller, 1987

MAS was a spectrometer with scanning capabilities. It started flying on the ER-2
in 1995 (Ellis et al., 2011). MAS had 50 channels to measure radiation in a range that
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covered 0.55 μm-14.2 μm. MAS was often used in validation efforts of MODIS
(Moderate Resolution Imaging Spectrometer), an instrument on the Terra and Aqua
satellites. MAS data has been used to validate algorithms for remote sensing. MAS has
a spatial resolution of 50 m and a swath width of 37 km when flying at 20 km (Arnold et
al., 1996). MAS was developed for and based out of NASA’s Ames Research Center in
1991 (Platnick et al., 1995).
AMPR was brought into use during the 1990s. Its development was sponsored
partially by NASA’s Marshall Space Flight Center (MSFC) (Spencer et al., 1994). It has
a rich history as part of the ER-2’s payload. AMPR has four operating frequencies and
is used to measure brightness temperatures in order to study precipitation. The ER-2’s
high-altitude capabilities enable AMPR to observe clouds and precipitation over tall
storms (Hood et al., 2006). AMPR was designed to have a high spatial resolution in
order to study small atmospheric features that satellites cannot due to larger spatial
resolutions. (Spencer et al., 1994). AMPR data has been compared with and used to
validate data collected by the Special Sensor Microwave Imager (SSM/I), a sensor
aboard the Tropical Rainfall Measuring Mission (TRMM) satellite (Galliano and Platt,
1990, Hood et al., 2006). More information about AMPR’s specifications is provided in
Section 3.2.

Spatial Resolutions

Temporal
Resolutions

Operating
Channel(s)

ER-2 Doppler
Radar (EDOP)

75 m

0.25-1.0 μs

9.6 GHz

Airborne
Visible/Infrared

20 m

12 scans/sec

400 nm-2450 nm

12

Imaging
Spectrometer
Classic (AVIRISc)
MODIS Airborne
Simulator (MAS)

50 m

6 Hz

0.55 μm-14.2 μm

Advanced
Microwave
Precipitation
Radiometer
(AMPR)

0.6 km

3.0 s

10.7, 19.35, 37.1,
85.5 GHz

Table 2: Legacy sensor specifications
Information from Heysmfield et al., 1996, Porter and Enmark, 1987, Arnold et al., 1996, Platnick
et al., 1995, Spencer et al., 1994
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3. Instrument Descriptions

The ER-2 carries a diverse payload. This payload has instruments with different
operating styles and measurement types. This enables scientists to study an array of
earth and atmospheric phenomena from a single platform. The instruments represented
in this project include a Doppler radar, a passive radiometer, an imaging spectrometer,
and a scanning spectrometer. The descriptions of these sensors are provided in this
section.

3.1 Description of EXRAD
The ER-2 X-band Doppler Radar (EXRAD) is a valuable part of the ER-2’s
payload. Originally designed to operate on board the Global Hawk, it was integrated into
the ER’s payload to replace the ER-2 Doppler Radar (EDOP) (Raphael, 2020).
EXRAD’s first test flight was in 2013 (Heymsfield, 2013). The EXRAD’s design is quite
similar to that of the EDOP, making it a suitable replacement. EXRAD’s size as an
X-band radar makes it small enough to operate on board an aircraft, allowing for
measurements to be taken from a different vantage point than they would be on the
ground. The instrument’s operating information is summarized in Table 3. EXRAD has
two viewing modes, an upgrade from EDOP’s one. It has a fixed forward pointing
antenna as well as a conical scanning antenna that is 28° off nadir (Heymsfield et al.,
2017). In addition, EXRAD’s gate spacing was improved and is now roughly 18 m
(Heymsfield and Tian, 2016). EXRAD operates at a frequency of 9.6 GHz. Operating in
the X-band range makes the radar especially useful for measuring precipitation without
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large amounts of radar attenuation that frequently affects cloud radar frequencies.
Because EXRAD is a Doppler radar, it is also useful for measuring atmospheric winds.
Measurements from both antennas can be used together to create 3-dimensional wind
profiles (Raphael, 2020).

Spatial Resolution

Temporal Resolution

Operating Channel

18 m

0.5-2.0 μs pulse width

9.6 GHz

Table 3:Operating information of EXRAD
Information from Raphael, 2020

3.2 Description of AMPR
A description of AMPR’s background is provided in Chapter 1. The instrument’s
current operating information is available in Table 4. In 2011, AMPR was upgraded. A
second channel was added in 2011 to provide the sensor with dual polarimetric
capabilities (Lang et al., 2014). Prior to 2011, AMPR only had what is now known as
Channel A, which operated with fully vertical polarization at 45° left of nadir and shifted
to fully horizontal polarization at 45° right of nadir (Spencer et al.,1994). The addition of
Channel B is beneficial because it operates with fully horizontal polarization at 45° left of
nadir and fully vertical polarization at 45° right of nadir. Using the two channels together,
deconvolution techniques can be applied to pull out fully horizontal and fully vertical
brightness temperature scenes (Lang et al., 2014). The vertical and horizontal
brightness temperatures make it possible to perform geophysical retrievals such as
cloud liquid water, water vapor, and wind speed (Amiot et al., 2021).
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Spatial Resolution

Temporal Resolution

0.6km at 20km altitude and 3.0 s
85.5 GHz

Operating Channels
10.7, 19.35, 37.1, 85.5
GHz

Table 4: Operating information of AMPR
Information from Spencer et al., 1994

3.3 Description of AVIRISng
The Next Generation Airborne Visible/Infrared Imaging Spectrometer (AVIRISng) was
developed by the Jet Propulsion Laboratory. The instrument is an upgraded version of
the Airborne Visible/Infrared Imaging Spectrometer Classic (AVIRIS)c. AVIRISng is a
push-broom imaging spectrometer (Thorpe et al., 2016), meaning it “sweeps” back and
forth across a scene as it scans. The instrument’s operating information is available in
Table 5. AVIRISng measures reflected solar radiance. The instrument has been used in
multiple campaigns and flown on numerous aircraft, such as NASA’s ER-2 and Twin
Otters (Chapman et al., 2019, Thorpe et al., 2016). AVIRISng has a higher spectral and
spatial resolution capabilities than AVIRISc. For a list of AVIRISc’s capabilities, see
Table 2. AVIRISng flew for the first time in 2012 (Martin 2012).

Spatial Resolution

Temporal Resolution

Operating Channels

18 km

100 Hz

380 nm-2510 nm

Table 5: Operating information of AVIRISng
Information from Thorpe et al., 2016
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3.4 Description of eMAS
Development for the Enhanced MODIS Airborne Simulator (eMAS) began in 2009 and
the instrument has been used in multiple field campaigns since then, such as
ObseRvations of Aerosols above CLouds and their intEractionS (ORACLES), Fire
Influence on Regional to Global Environments and Air Quality (FIREx-AQ), and Studies
of Emissions and Atmospheric Composition, Clouds and Climate (SEAC4RS). . While
the MODIS Airborne Simulator (MAS) was originally one instrument, eMAS was split
into two instruments that are used together as an instrument suite. These two parts are
known as eMAS-IR and eMAS-HS. Both instruments integrate important parts of the
legacy sensor as well as incorporate the new capabilities. A notable upgrade for eMAS
is hyperspectral capability. The upgrade gave eMAS significantly more spectral
channels and a wider spectral range than MAS was designed to have (Ellis et al., 2011).
The upgrade also improved upon MAS’s original hardware design. Details on these
upgrades and their scientific benefits are provided in Section 5.4. The instrument’s
operating information is summarized in Table 6.

Spatial Resolution

Temporal Resolution

Operating Channels

50 m

6.25 scans/sec

380 nm - 2800 nm

Table 6: eMAS Operating Information
Information from Fraim, 2016 and Ellis et al., 2011
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4. Methods

The ER-2 has been used to study a wide range of earth and atmospheric
phenomena. In order to encompass as much as possible, the instruments selected
would need to cover a broad range of capabilities. For this project, one microwave
radiometer, one X-band radar, and two imaging spectrometers were chosen (instrument
specifications available in Chapter 2). It was necessary that each selected instrument
had a legacy counterpart, so that the improvements could be adequately discussed.

4.1. IPHEx Overview
The Integrated Precipitation and Hydrology Experiment (IPHEx) field campaign
took place in the summer of 2014. This campaign had an intensive study period from 1
May to 15 June. The study region for IPHEx was over the southern Appalachians and
parts of North Carolina. IPHEx focused on warm season orographic precipitation and
precipitation over complex terrain. This field campaign was also the first to provide
validation efforts for the GPM Core Observatory post-launch, and the ER-2’s payload
was chosen to simulate measurements of the satellite (Barros et al., 2014). The EXRAD
was part of the ER-2’s payload for this campaign. EXRAD’s Doppler capabilities were
useful in gathering precipitation measurements as well as wind mapping (Heymsfield et
al., 2017). These measurements aided scientists in visualizing the structure of the
storms that occurred in the study region during the campaign.
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4.1.1. IPHEx Event Overview
The EXRAD data used in this project was collected during IPHEx on 23 May
2014. There was a significant event for the campaign on this date due to a GPM
overpass occurring combined with severe, hail-producing thunderstorms moving
through the campaign’s study region (Heymsfield et al., 2017). This event had
coordination between ground, air, and satellite based sampling. The ER-2 was flown
above the hail-producing storms to take measurements of the convection and storm
structure. The flight path from 22:48-22:54 UTC can be seen in Figure 3. EXRAD was
operated using its nadir beam.

Figure 3: Base reflectivity at 22:50 UTC on 23 May 2014 from the KCAE radar with EXRAD flight track
from 22:48-22:54 in black
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4.1.2. EXRAD Methods
EXRAD data is plotted for 23 May 2014 from 22:48-22:54 UTC (Figure 5). This is
because it provides an excellent example of the storm structure and the storm’s hail
core. In order to create a proxy EDOP plot, the EXRAD reflectivity data is resampled
using Python. The reflectivity data is stored in a 2D array with a time dimension and a
range dimension. The time dimension represents time and horizontal distance, and the
range dimension represents the range from the radar. The reflectivity data is taken out
of its logarithmic form in order to provide a more accurate estimate of the proxy EDOP
reflectivity values. First, we account for the difference between EXRAD and EDOP’s
respective gate spacing. EXRAD’s gate spacing is roughly a quarter of the spacing of
EDOP’s, so the reflectivity data is averaged every four bins in the range dimension.
EXRAD has a sampling frequency of roughly 4 Hz, which is twice as fast as EDOP
(Heymsfield and Tian, 2016). To account for this, the reflectivity data is averaged every
two bins in the time dimension. After the resampling, the reflectivity values are
converted back into logarithmic form. The reflectivity data is then plotted using every
fourth value in the time dimension.

4.2. OLYMPEX Overview
The Olympic Mountains Experiment (OLYMPEX) took place in the Olympic
Peninsula in the state of Washington. Multiple aircraft and a wide range of ground
instruments participated in this campaign. The ER-2 conducted science flights from 12
November 2015 to 21 December 2015 (Houze et al., 2017). The ER-2’s flights were
funded by the Radar Definition Experiment (RADEX). The flights were for the benefit of
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both campaigns (Houze et al., 2015). OLYMPEX studied orographic precipitation and
extratropical cyclone structure and processes. The campaign also provided validation
for the Global Precipitation Mission (GPM) Core Observatory satellite. Multiple research
flights for this campaign were coordinated with GPM overpasses of the study area
(Houze et al., 2017). AMPR was flown during this campaign to provide validation for
GPM measurements. AMPR took observed cloud properties, such as cloud liquid water
content. Measurements taken by AMPR were compared to similar measurements taken
by GPM sensors during aircraft and satellite coordination (Lang and Biswas, 2017).

4.2.1. OLYMPEX Event Overview
The AMPR data used here were collected on 24 November 2015. A frontal
system moved through the study region on 23 November, so postfrontal precipitation
was able to be sampled during this day (Houze et al., 2017). The precipitation
associated with this event was weak, and there was not a lot of precipitation, so AMPR
sampled clear air and precipitation. The time frame chosen from the data for this event
is 21:28-22:02 UTC. Figure 4 shows 0.2° tilt reflectivity data from the KLGX NEXRAD
radar at 21:44 UTC. While there is clutter around the radar, very weak precipitation is
occurring near the radar and just off the coast over the ER-2 flight track (Figure 8). This
time frame was chosen because the ER-2’s flight path was over both the ocean and
land, and the flight path was relatively straight.
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4.2.2. AMPR Methods
AMPR Channel A data are plotted for all four of the instrument’s frequencies
(Table 4) using the pyAMPR Python package (Lang and Roberts 2019). This is done to
provide an example of all that AMPR was capable of before the 2011 upgrade. The data
are then deconvolved to resolve the fully horizontal and fully vertical brightness
temperatures. This was done using the deconvolution technique available in pyAMPR.
The horizontally and vertically polarized brightness temperatures are then plotted for
each AMPR frequency. Geophysical retrievals are performed with the H and V
brightness temperatures for cloud liquid water and water vapor using the methodology
of Amiot et al., 2021. The sea surface temperature value used in the water vapor
retrieval was found by using the median value from the Global Data Assimilation
System profile for the region around the ER-2 flight path (NCEP 2000).
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4.3. GOES-R PLT Overview
During the spring of 2017, the GOES-R Post Launch Test (GOES-R PLT) took
place. During this campaign, the ER-2 flew around 100 hours over the course of nine
weeks. The campaign took place from 21 March 2017 to 17 May 2017 and had two
intensive operating periods (IOP). Each operating period focused on calibration and
validation of an instrument on the GOES-R (Padula et al., 2017). The first IOP focused
on the Advanced Baseline Imager (ABI). The ER-2 was based out of Palmdale,
California, and the study area was the west coast of the United States (Raphael and
Stano, 2020, Padula et al., 2017). This region was used due to its proximity to desert
regions used for validating the ABI (Padula et al., 2017). For the second IOP, the ER-2
was based out of Warner Robins Air Force Base. This phase of the campaign focused
on the middle and easern regions of the continental United States. The instrument
validated was the Geostationary Lightning Mapper (GLM) (Raphael and Stano, 2020,
Padula et al., 2017). The middle and eastern United States experience a significant
number of thunderstorms, making it an ideal region for GLM validation. AVIRISng was
used in a validation effort for ABI in this campaign (Padula et al., 2017).

4.3.1. GOES-R PLT Event Overview
The date chosen for this project is 23 March 2017. On this day, the ER-2
performed science flights over the Sonoran Desert. This flight was in support of ABI
validation (Padula et al., 2017). The flight began at 17:26 UTC and lasted until 23:11
UTC. AVIRISng passes were performed from 21:00-22:21 UTC. The ER-2 flight path
during this time was coordinated with ground sensors in order to provide further
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validation to the AVIRISng measurements, which were in support of the ABI (Padula,
2020).

4.3.2. AVIRISng Methods
For the purposes of this project, AVIRISng data was not resampled. Instead, data
is plotted for the AVIRISng flight path on 23 March. This plot is shown in Section 5.3.
The key differences between AVIRISng and AVIRISc and their scientific benefits are
discussed in Section 5.3 as well.

4.4. ORACLES Overview
The ObseRvations of Aerosols above Clouds and their intEractionS (ORACLES)
campaign took place over the course of three years. One month long deployments (per
year) occurred during 2016, 2017, and 2018. Multiple aircraft were used during this
campaign, but the ER-2 only participated in the 2016 deployment (Zuidema et al.,
2016). The aircraft were based out of Walvis Bay, Namibia during the 2016 deployment
and the study area was the southeastern Atlantic (Redemann et al., 2021). The ER-2’s
research flights were coordinated with the research flights of the P-3 that participated in
ORACLES (Cochrane et al., 2019). The eMAS was part of the ER-2’s payload for this
campaign. It was used for cloud visualizations (Cochrane et al., 2019, Redemann et al.,
2021).
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4.4.1. ORACLES Event Overview
The date chosen from ORACLES for this project is 14 September 2016. This
date was considered a “golden day” for the ORACLES campaign. Golden days in the
context of ORACLES are considered to be days on which the data collected is quality
and useful for scientists to use in their analyses and research. These days also often
involved coordination between the P-3, ER-2, and satellite overpasses. In particular, the
ER-2’s flight on 14 September was coordinated with the P-3 (Redemann et al., 2021).
eMAS flew aboard the ER-2 at an altitude of 20 km. eMAS imagery was used to provide
spatial and visual context to data collected with other instruments, making it a valuable
part of the instrument payload (Cochrane et al., 2019). eMAS data collected this day
can also be used for validation of spaceborne instruments (Redemann et al., 2021).

4.4.2. eMAS Methods
eMAS observations from 14 September are presented in Section 5.4. That
section also includes a comparative discussion. The discussion also focuses on the
eMAS upgrades and their scientific value.
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5. Results and Discussion

The improved scientific benefit of the ER-2’s modern payload includes even more
features not covered in this project. To discuss them all would be much more than can
fit in a single paper. The science capabilities discussed in this section are a few of many
possible demonstrations of the benefits of the upgrades sensors aboard the ER-2.

5.1 EXRAD/EDOP Results
Figure 5a shows proxy EDOP reflectivity and Figure 5b shows EXRAD reflectivity
for 23 May 2014, 22:48-22:54 UTC. Details of how EXRAD data is used to create the
proxy EDOP plots is shown in Chapter 3. A more detailed storm structure is visible in
the EXRAD data than the EDOP data. This can be seen in both the hail core (around
22.82 UTC) as well as the edges of the storm. The edges of the storm in Figure 5b
show more detail than in Figure 5a, particularly along the top of the storm and at 22.86
UTC and 4000 m altitude. The hail core at 22.82 UTC shows more saturated values in
the EXRAD data.
To continually show the differences between the proxy EDOP reflectivity and the
EXRAD reflectivity, Figure 6 shows a closer look at the hail core visible in Figure 5.
Figure 6 is the same data shown in Figure 5 plotted over a short time frame
(22.8025-22.8175 UTC). The differences between the EXRAD and proxy EDOP plots
are clearer in Figure 6. The proxy EDOP plot (Figure 6a) is much more pixelated than
the EXRAD plot (Figure 6b). This is due to EXRAD’s shorter gate spacing and faster
sampling frequency. The pixelation causes smearing over some of the features in the
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storm structure that are more visible in Figure 6b. For example, at 22.8125 UTC, around

11000 m altitude, there is a region of lower reflectivity encircled by higher reflectivity.
This feature is more well defined in Figure 6b than in Figure 6a. The regions of 60+ dBZ
have finer detail in Figure 6b. Despite the differences in resolution, it should be noted
that EDOP was capable of producing high quality data for its time. In fact, we were

surprised by how well the proxy EDOP plots looked when compared to the EXRAD
plots. In particular, we were surprised by how similar the hail core was shown in both
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the proxy EDOP plots and the EXRAD plots. This could be due to the equation for
reflectivity (z ~ nD6). Because hail has a much larger diameter than raindrops, it has a
strong weight in the reflectivity values. Overall, however, it is clear that EXRAD’s
improved capabilities allow scientists to collect data in much finer detail. EXRAD’s
improved technological capabilities allow scientists to better study things such as storm
structure and the physical processes of storms. These capabilities also assist in NASA’s
effort of providing accurate satellite validation.
In recent years, there has been discussion in the scientific community about the
way color is used to visualize data. In particular, the relevancy of the traditional rainbow
colormap has been questioned. Zeller and Rogers, 2020 provides an insightful
discussion on the traditional use of the rainbow colormap and the issues it can present
in conveying what the data is actually showing. The human eye can more easily see the
differences in the brightness of a color than it can hues. This is why the rainbow
colormap can be problematic; it can essentially hide features in the data within its
different hues (Zeller and Rogers, 2020). The data shown in Figure 6 is plotted in two
different colormaps that show the changing brightness of a color rather than different
hues. Figure 7 shows the proxy EDOP and EXRAD reflectivity in gray (Figure 7a, 7b)
and red (Figure 7c, 7d). Plotting the data in these sequential colormaps helped
emphasize the differences in EDOP and EXRAD’s capabilities. The graininess of the
proxy EDOP plots is clearly visible in Figure 7a and 7c. There is also detail along the
top of the storm that is not immediately visible in the plots using the rainbow colormap.
While the rainbow colormap may be the preferred choice for plotting radar data, it is
important for scientists to continually evaluate the effectiveness of how we relay data.

28

Just as instrument capabilities continue to improve, so must our visualization
techniques.

5.2 AMPR Results
Figures 8A, 8D, 8G, 8J shows the AMPR Channel A brightness temperature over
the Pacific Ocean and the coast of Washington State for 24 November 2015,
21:28-22:02 UTC. The remaining panels in Figure 8 show horizontally and vertically

29

polarized brightness temperatures, respectively. AMPR has been a particularly useful
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instrument because of its wide range of frequencies. Figure 8 provides a good example
of the different sensitivities that the lower frequency channels have versus the higher
frequency channel. The three lower frequencies do well over the ocean, but the
brightness temperatures become saturated over land because they are more sensitive
to warmer particles. The higher frequency doesn’t saturate as much over land because
they are more sensitive to small particles, such as ice within clouds (COMET MetEd,
2006).
The change in polarization on Channel A is also visible in Figure 8. The
differences in brightness temperatures differs on either side of the ER-2 flight track. The
deconvolution technique does well in showing horizontally and vertically polarized

brightness temperatures for the entire swath of AMPR data.
Figure 9 and Figure 10 show cloud liquid water and water vapor created from the
geophysical retrievals, respectively. The equations used to perform these retrievals and
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the methodology of how they were created can be found in Amiot et al., 2021. The

retrievals are low over the ocean and increase sharply over land. Retrievals like these
were not possible to perform using AMPR data prior to its upgrade in 2011. Geophysical
retrievals were performed with another instrument (such as an airborne radar) in
addition to AMPR. This could introduce error into the final calculation because of the
differences in temporal and spatial resolution, as well as sampling frequency. Having
AMPR’s four frequencies with the two orthogonally polarized channels allow scientists
to perform more robust retrievals than what used to be possible. Geophysical retrievals
are helpful for studying things such as precipitation structure and qualitative
precipitation estimation. Because of this, these geophysical retrievals are useful to
NASA’s satellite validation missions.
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5.3 AVIRISng Results
Figure 11 shows an RGB plot of ortho-corrected, calibrated AVIRISng data.
AVIRISng first began flying in 2009, and it was designed to replace AVIRISc when the
instrument is ready to be retired. Two of the key differences between AVIRISc and
AVIRISng are the spatial resolution and the spectral resolution. The improvement of the
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spatial resolutions was slight, but still noteworthy (20 m, AVIRISc [Table 2] and 18 m,
AVIRISng [Table 4]). The improvement in spectral resolution was more significant.
AVIRISc has 10 nm spectral resolution and a channel range of 400 nm-2450 nm (Porter
and Enmark, 1987), while AVIRISng has a 5 nm spectral resolution and a channel range
of 380 nm-2510 nm (Thorpe et al., 2016). AVIRISng is also significantly lighter than
AVIRISc (Martin, 2012).
Currently, both AVIRISng and AVIRISc are used for NASA field campaigns
(Martin, 2012). NASA is able to split the tasks between the two instruments (NASA,
2020b). This was the case for GOES-R PLT. AVIRISng was used for ABI validation
while AVIRISc was used for GLM validation (Padula et al., 2017). Being able to use both
instruments will help to extend their lifetime as it can help decrease the wear on each
instrument. The improved spectral and spatial resolution of AVIRISng is also useful
because it allows more detailed measurements to be taken. AVIRISng is used for a
broad range of atmospheric and earth science fields, each of which can benefit from
highly detailed datasets. AVIRISng’s improved capabilities have and will continue to
assist in NASA’s many efforts through field campaign research.

5.4 eMAS Results
Development for eMAS first began in 2009 (Ellis et al., 2011). The design of
eMAS was based on hardware upgrades needed for MAS to improve the instrument’s
capabilities, as well as to increase the longevity of its value. The two key requirements
for eMAS were that it improved the stability of the instrument’s laboratory calibrations
and that it have support for newer satellite sensors, such as HyspIRI and VIIRS. To do
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this, two separate instruments that operate together in a suite: eMAS-IR and eMAS-HS
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(Ellis et al., 2011). Both instruments were based off of the previous MAS design. eMAS
was designed to operate inside a pressurized compartment while in flight (Guerin et al.
2011). eMAS-IR has a radiation shield designed to enclose as much of the instrument’s
spectrometers and telescope as possible. In addition to being inside a pressurized
compartment, eMAS-HS will also be inside a pressurized container. eMAS-HS also has
improved spectral resolution compared to MAS (Ellis et al. 2011).
The hardware improvements for eMAS helped increase the instrument’s stability,
particularly when it comes to temperature. The radiation shields and pressurized
containers help to provide a more controlled temperature environment for the
instrument. This improves the certainty of eMAS’s measurements because it makes the
instrument’s true environment similar to its calibration environment (Ellis et al., 2011).
Having more certain measurements can help in eMAS’s usage as a
calibration/validation instrument for MODIS. eMAS’s upgrades also have helped
increase the lifespan of the instrument by making sure it can support other satellite
instruments such as VIIRS (Ellis et al., 2011). This was necessary because VIIRS
(launched in 2011) is MODIS’s eventual replacement. MODIS is currently still being
actively used, but eventually VIIRS will fully take its place (Naranjo, 2017). The ability to
provide support to multiple satellite sensors also improves the versatility of eMAS,
making it an incredibly useful instrument for a wider range of NASA
calibration/validation campaigns. eMAS’s ability to fly aboard multiple aircraft, such as
the Global Hawk, also assists with this. The controlled temperatures give eMAS the
capability to fly for much longer periods of time, something that was not capable with
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MAS (Ellis et al., 2011). The transition from MAS to eMAS will continue to provide more
versatile support for NASA field campaigns and their science objectives.
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6. Conclusion

In this project, the history of NASA’s ER-2 and the evolution of its payload was
presented. This has been done through resampling, performing geophysical retrievals,
and comparative discussion. It is clear that the ER-2 has been a vital part of NASA’s
efforts to study atmospheric and earth science phenomena, and instruments aboard its
payload have been updated or upgraded to have improved capabilities. These
improvements have been and will continue to be valuable contributions towards NASA’s
efforts in all areas of atmospheric and earth science. However, the improvements
detailed in this paper are only the beginning. As research efforts continue, newer
instruments will become necessary. One way that this work of improving instrument
capabilities could be furthered is through the use of Observing System Simulation
Experiments (OSSEs). OSSEs allow for the testing of new instruments and platforms
through model simulations prior to the instrument being built (NASA, 2017). OSSEs can
be used to test developments in instrument technology for the ER-2’s payload, and they
can also be used to test upgrades to the ER-2 itself. Regardless of how and when the
new developments occur, the ER-2 and its payload will continue to be a vital part of
NASA’s research efforts.
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